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We report on the realization of an optical phase noise
cancellation technique by passively embedding the op-
tical phase information into a radio frequency (RF) sig-
nal and shifting the optical frequency with the amount
of phase noise introduced by optical phase perturba-
tions. Neither phase discrimination nor active phase
tracking is required due to the open-loop design, mit-
igating some technical problems, such as the limited
compensation speed and the finite phase/timing jitter,
in conventional phase noise cancellation. We experi-
mentally demonstrate that this technique maintains the
same delay-limited bandwidth and phase noise sup-
pression capability as in conventional techniques, but
significantly shortens the response speed and phase re-
covery time. Passive decoupling optical phase pertur-
bation represents a powerful technique in the domains
of optical frequency standard comparisons and clock-
works for future optical atomic clocks, which are now
under serious investigation for a potential redefinition
of the International Time Scale. © 2020 Optical Society of
America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
Clocks ticking at optical frequencies slice time into much
finer intervals than do microwave clocks and thus provide un-
precedented accuracy, surpassing that of previously available
clock systems by more than a few orders of magnitude [1–3].
Precise clock networks have the potential to enable dramatic im-
provements in precision navigation and timing, radio astronomy
[4, 5], clock-based geodesy [6], testing of fundamental physics
[7], geological disaster observation [8] and even future searching
for dark matter and gravitational-wave detection [9, 10]. At the
same time, precision comparisons of different clocks will also be
necessary for a future redefinition of the second in the Interna-
tional System of Units (SI) [11, 12]. The current well-established,
satellite-based techniques for microwave dissemination are not
adequate for comparing optical clocks. Taking advantages of
the low loss, high stability, large bandwidth, and immunity to
electromagnetic interference, the use of optical fiber, today’s
best optical frequency transfer technique, enables the compar-
ison of state-of-the-art optical atomic clocks and achievement
of coherent optical phase transfer over large distances at will,
up to thousands of kilometers, preserving their coherence at an
extremely high level [13–15].
Optical phase noise in the transmitted frequency introduced
by thermal and acoustic fluctuations in the fiber link can be
cancelled by either physically modulating the path length or
by intentionally shifting the frequency. In practical implemen-
tations of these methods, the phase variations caused by the
changes in the fiber link should be extracted and used to drive
tunable devices for phase variation compensation, such as piezo-
electric fiber stretchers and voltage-controlled oscillators (VCOs)
as demonstrated by Ma et al. in 1994 [16]. The main drawback
related to this conventional approach is the need for complex
circuits to extract the phase error and drive the devices for phase
correction in real time, e.g., frequency dividers with a high ratio
needed to avoid the cycle slips. Although the method based on
VCOs principally has an endless compensation range, achieving
short settling time of stabilization locks, namely, a fast compensa-
tion speed, is difficult and is a great challenge even for dedicated
servo amplifiers. The characteristic of the short settling time is
extremely important for the applications, such as transferring
the pulse light and delivery of light over free-space where the
interruptions frequently occur [17–19].
While radio frequency (RF) transfer by multiplexing and
dividing the transferred RF signal has been proposed and exper-
imentally demonstrated [20], these solutions are not applicable
to optical frequency dissemination, in particular, for fiber-based
optical frequency dissemination by multiplexing and dividing
the transferred optical signal itself. In view of the upcoming re-
definition of the second and future applications of optical atomic
clocks, technological developments toward more efficient, sim-
ple, and robust devices are needed. In this Letter, we propose
and demonstrate a novel approach for highly stable dissemi-
nation of the phase of an optical frequency reference over an
optical-fiber link without the need for the active stabilization of
the optical path length. Here neither active phase discrimination
nor dynamic phase tracking/compensation is required in our
open-loop design, enabling the proposed approach to be robust,
compact, cost-effective, and easy to implement.
Figure 1 depicts a schematic diagram of our optical frequency
transfer using a technique with passive phase noise cancellation
in an optical fiber. Part of the light with an angular frequency
of ν is split off to serve as a local oscillator. The remaining part
of this reference light is launched into the link via an acousto-
optic modulator 1 (AOM1) working at an angular frequency
of ωl (downshifted mode) and then propagated to the remote
end via the optical fiber link, where it encounters AOM2 (up-
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Fig. 1. Schematic diagram of our optical frequency dissemination using a technique with passive phase noise cancellation in an
optical fiber. AOM: acousto-optic modulator, FM: Faraday mirror, DDS: direct-digital synthesizer, EDFA: erbium-doped-fiber-
amplifier, PD: photo-detector, FD: frequency divider, PC: power combiner
shifted mode), which provides a fixed angular frequency shift
ωr (ωr > ωl) to distinguish light reflected at the remote end
from stray reflections along the link [16, 21]. Most of the light is
retroreflected from the remote end via a Faraday mirror, emerges
from the start of the fiber, and is heterodyned against the local
oscillator light to yield a 2(−ωl +ωr) RF signal with phase noise
of 2φp at the local photo-detector (PD). Here, we assume that
phase noise φp in the forward and backward optical paths is
equal. Thus, this RF signal includes twice the phase noise of the
one-way transmitted optical frequency. To further avoid light
reflected at the remote site from stray reflections generated along
the fiber link, the detected signal is mixed with an assistant RF
signal ωs (ωs < −ωl +ωr), and then, the angular frequency of
the upper sideband of the mixed signal is filtered out and then
divided by a factor of 2. Afterwards, its output together with ωl
is fed into the same AOM1 with the assistance of an RF power
combiner, resulting in a desirable optical signal with angular
frequency ν + ωl − ωr − 12ωs and phase −φp at the local site.
With this configuration, the first and third pass forward optical
frequencies differing by 2ωl − 12ωs −ωr follow the same optical
path; thus, phase fluctuations caused, for example, by acoustic
vibrations or temperature fluctuations are common mode, and
do not degrade the optical frequency transfer performance. We
carefully engineered the frequency map (ωl , ωr, ωs) to ensure
that the signals were sufficiently far apart to be easily filtered
and separated. Each filtered signal was amplified and tracked
using a tracking oscillator with a typical bandwidth of ∼100
kHz. In this way, the remote end will automatically receive a
stabilized optical frequency signal with an angular frequency of
ν+ωl − 12ωs.
Note that the above description does not take the propagation
delay of the fiber link into account. As noted by Williams et al.,
the capability of the phase noise rejection will be limited by
the propagation delay [21]. The residual phase noise power
spectral density (PSD), Sremote( f ), at the remote end in terms
of the single-pass free-running phase noise PSD, Sfiber( f ), and
the propagation delay in the fiber, τ0, for our proposed optical
frequency transfer can be calculated as,
Sremote( f ) ' 13 (2pi f τ0)
2Sfiber( f ). (1)
To verify the principle of the proposed scheme, a 145 km
optical fiber spool is applied in the laboratory frequency dissem-
ination system. To overcome the one-way attenuation of more
than 30 dB, two low noise erbium-doped fiber amplifier (EDFA)
systems are evenly distributed over the entire link length, with
the amplifiers located at the middle and end of the fiber link,
respectively as depicted in Fig. 1. We built an interferometer by
using free-space optics, in which the light can propagate in the
optical fiber only when the local oscillator and transferred signal
paths are colocated. In comparison with fiber-based interferome-
ters [22], the out-of-loop phase noise can be easily controlled by
using free-space optics [21]. All optical components are housed
in an aluminum box filled with foam to reduce their sensitivity
to temperature and acoustic noise. Here we set ωl = 45 MHz,
ωr = 75 MHz and ωs = 10 MHz, resulting in out-of-loop beat
notes of 30 MHz and 40 MHz for the free-running link and the
stabilized link, respectively. The frequency selection principle
is mainly determined by the bandwidth of AOM1 and RF band-
pass filters. Here, the 3 dB bandwidths of AOM1 and the RF
bandpass filters are ∼ 20 MHz and ∼ 5 MHz. The beat notes
of the out-of-loop RF signals after electronic amplification and
filtering with tracking oscillators, are simultaneously recorded
by a dead-time free, high-resolution frequency counter (K+K
FXE) operating in Π-type with a gate time of 1 s. Due to the
absence of any frequency dividers with a high ratio at the local
site, as adopted in conventional techniques, the rate of cycle
slips is as low as a few per day under typical laboratory condi-
tions, and the signal phase can be continuously tracked for a
few days. Routine operation over several days requires regular
adjustment of the polarization. As a reference, we measured the
residual noise of the interferometer by replacing the fiber spool
with a fixed attenuator of equivalent loss and leaving the 1 m
patch cord in place, establishing an upper bound of the noise
introduced by the interferometer.
Figure 2(a) shows the measured phase noise PSD for the sta-
bilized fiber link (green curve) and the free-running link (black
curve), for which no phase noise cancellation was applied. We
find that the phase noise PSD of our free-running fiber link ap-
proximately follows a power-law dependence, Sφ( f ) ' h1 f−1
rad2/Hz, for f < 300 Hz, indicating that flicker phase noise
is dominant in the free-running fiber link, where h1 ' 65 in
our fiber link. According to the theory of the delay-limited
phase noise PSD illustrated in Eq. 1, phase noise cancellation
suppresses the noise within the delay-limited bandwidth pro-
portional to f 2. Consequently, the residual phase noise of the
stabilized link features a Sφ( f ) = h3 f 1 rad2/Hz dependency
with the delay-limited bandwidth of 1/4τ0 ' 300 Hz. In our
experiment, h3 ' 6.3× 10−4. From Fig. 2(a), we also find the
measured stabilized phase noise to be in good agreement with
the theoretical prediction (gray dashed curve) as indicated in
Eq. 1. More importantly, strong servo bumps that appear in
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Fig. 2. (a) Measured phase noise PSD of the 145 km free-running fiber link (black curve) and stabilized link (green curve) with the
proposed phase noise cancellation. The gray line is the theoretical prediction based on Eq. 1. (b) Measured fractional frequency
instability of the 145 km free-running fiber link (blue triangles) and stabilized link derived from a nonaveraging (Π-type) frequency
counter expressed as the ADEV (red circles). The measured noise floor of the interferometer is also shown (gray squares).
the conventional active phase cancellation techniques are elim-
inated in our phase noise cancellation scheme [14, 21]. This is
an important characteristic for reducing the integrated phase
noise of the transferred light and preserving the transferred light
coherence over a longer fiber link, as discussed in [14, 21].
Fig. 3. Five-day frequency comparison between sent and trans-
ferred frequencies after 145 km. Data was taken with dead-
time-free Π-type frequency counters with a gate time of 1 s
(blue data points, left frequency axis). The arithmetic means of
all cycle-slip free 1,000 s intervals have been computed. From
the resulting 475 data points (black dots, right frequency axis,
enlarged scale) a fractional difference between the sent and
transferred frequencies of −0.63± 2.4× 10−18 is calculated.
Complementary to the frequency-domain feature, a time-
domain characterization of the fractional frequency stability
over a five-day-long measurement was performed. Figure 2 (b)
indicates the instability of the transferred frequency of the free-
running link (blue triangles) as well as that of the stabilized link
(red circles) expressed as overlapping Allan deviation (ADEV)
recorded by Π-type frequency counter, respectively. The data
from which the instability is calculated and sampled at a 1 kHz
rate and a gate time of 1 s, and therefore, the equivalent measure-
ment bandwidth is 0.5 Hz [23]. The free-running link fluctuates
in the 10−14 range, with an overall mean of the fractional fre-
quency offset of here ∼ 7.5× 10−15. We obtain a value for the
ADEV of 2.1× 10−15 at 1 s for the stabilized link, which scales
down to 2.0× 10−19 for the integration time of 10, 000 s with a
slope of τ−1.
Concerning the frequency accuracy, the transferred frequency
could be subjected to a systematic and stable offset, for example,
due to the propagation delay, which would not be revealed in the
instability analysis. After measuring the transferred frequency
with the Π-type frequency counter with a gate time of 1 s over a
period of five days, we calculated the unweighted mean values
for all cycle-slip free 1,000 s long segments. As shown in Fig. 3,
the frequency data throughout the total measurement time is
475,419 s. Note that human activity in the laboratory causes a
slight time dependence of the fiber link performance. Figure 3
shows the difference between sent and transferred frequencies
for a gate time of 1 s and the 1,000 s data subsets. The 475 data
points (right axis in Fig. 3) have an arithmetic mean of 12.1 µHz
(0.63× 10−18) and a standard deviation of 85.8 µHz (2.4× 10−18).
Considering that the long-term stability is mainly limited by the
flicker frequency noise, as shown by the instability expressed by
the ADEV shown in Fig. 2(b), we can conservatively constrain
the deviations from the expected frequency value to be less
than 2.0× 10−19 and no frequency bias was observed within the
statistical uncertainty of the data set. Based on this work, the
extension to long-haul links is straightforward by inserting more
amplifiers or by dividing the main link into subsections [24, 25].
Unlike all other optical frequency transfer schemes with con-
ventional phase noise correction, the scheme proposed here
can significantly shorten the settling time of stabilization locks.
To examine this feature, we implemented two kinds of opti-
cal frequency dissemination schemes with the proposed and
conventional phase noise cancellation over a 20 km fiber link,
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Fig. 4. Phase recovery time of 20 km optical path length sta-
bilization with the proposed and conventional phase noise
cancellation, respectively. A delay is introduced between the
TTL signal for switching the light on at 0 ms and the activation
of the phase stabilization at 4τ0 = 0.4 ms as illustrated by the
green area. The black curve indicates the TTL trigger signal.
Voltage generated by mixing down the out-of-loop beat to the
dc is shown for the switching-on of the active length stabiliza-
tion for both the conventional (red curve) and the proposed
(blue curve) phase noise correction techniques.
respectively. The configuration of optical frequency transfer
with conventional phase noise correction is similar to that in
[13–15], and a high-speed servo controller (Newport, LB1005-S)
was used. We observed that the settling time of optical path
length stabilization with conventional phase noise cancellation
(red curve) is as long as ∼ 8 ms whereas the proposed imple-
mentation (blue curve) executes much faster settling time only
limited by the fiber propagation delay as depicted in Fig. 4.
This could be very beneficial for delivering pulsed light and for
optical frequency transfer over free-space where the interrup-
tions frequently occur, introduced by the atmospheric turbulence
[17–19]. Consequently, the proposed phase noise cancellation
technique is significantly less sensitive to large environmental
perturbations than the conventional technique.
In conclusion, we reported the first noise characterization of
optical frequency dissemination over fiber links using passively
decoupling optical phase noise introduced by phase perturba-
tions. Only frequency mixing and shifting were used, and no
active mechanism was involved, enabling the fiber optical phase
transfer system compact, cost-effective, and easy to implement.
As we have shown, this type of optical frequency transfer would
allow us to reach the same sensitivity as in the conventional opti-
cal frequency transfer techniques but with significantly reduced
requirements on electronic phase noise. Moreover, we identified
the mechanism with the fast response speed and phase recovery
time behind the proposed phase noise cancellation technique.
Going beyond the proof-of-principle experiment conducted
under optimized laboratory conditions, the new optical fre-
quency transfer scheme enables a variety of applications in
fundamental physics, such as tests of general relativity and
searching for beyond-standard-model physics [26] as well as
in optical frequency standard comparisons for future optical
atomic clocks, which are now under serious consideration for a
potential redefinition of the International Time Scale [11, 12].
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